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Abstract
Robots are needed for important missions in field environments. A major
limitation to the practical use of such systems is their high cost and long
development time. It would be highly desirable to have systems that can be
rapidly designed and fabricated, on the order of days or weeks instead of years.
One approach to achieving this goal is the development of an automatic
design methodology based on the use of standardized modular physical
components.
The objective of this research has been the development of a framework for
the automatic design of modular field robotic systems. Under this
methodology, robots are assembled from sets of modular components. The
assembly method as well as the component designs are based on fundamental
solid engineering principles.
This thesis includes the generation of computer-based design search
algorithms. The framework utilizes a hierarchical search over the possible
robot assemblies. Physics-based rules are used to limit the search to
"reasonable" assemblies. Assemblies are analyzed and ranked according to
their ability to perform a given task. The methodology was used to suggest a
robot for an inspection task aboard the USS Constitution.
Supervisor: Dr. Steven Dubowsky
Title: Professor of Mechanical Engineering
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Chapter I: Introduction
This thesis studies the fundamental technical issues and problems of applying
mobile robotic systems in complex, and possibly remote unstructured field
environments, such as might be found in systems performing civil
infrastructure inspection and maintenance tasks. The major focus of the
research has been to develop a design framework so that robots can be
assembled automatically from sets of modular components. The research has
been performed in connection with a demonstration project called The
Project Constitution.
Motivation
Robots are needed for field environments
Robots are needed for important missions in field environments [1, 2]. These
systems could perform such important tasks as maintenance and disaster
mitigation in nuclear power facilities, cleanup of toxic and hazardous waste
sites and chemical accident cleanup, terrorist bomb disposal, infrastructure
inspection, and commercial tanker hull maintenance [3, 4, 5, 6]. For many of
these missions, robotic systems could remove humans from dangerous tasks
or enter locations that are not readily accessible. In some applications, such as
the inspection of the undersides of highway and rail bridges, robotic systems
could also be very cost effective.
A great deal of research has been done to develop robotic manipulators
(usually a fixed based single arm) for work in manufacturing cells structured
specifically for them. Some research is now being done to develop field
robotic systems that are able to perform missions where the task and
environment are not well known and the system must be capable of mobility
as well as being able to manipulate and investigate the environment [7, 8, 9],
see Figure 1 [10].
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Figure 1. A concept for afield robotic explorer
Challenges facing these systems are that they must be robust, self-contained,
power efficient, dexterous, agile, and have a high degree of autonomy.
Besides these technical challenges, a major future limitation to the practical
use of such systems is their cost and their development time. The design and
development cost of such systems using current approaches would be
prohibitive for many applications. This is largely because these systems will
not be mass produced; each system would need to be designed for a specific
mission or task. Not only will their costs be very high but the systems
development time for a given mission could take years, when deployment in
weeks or months may be required. For this reason it would be highly
desirable to have systems that can be rapidly designed and fabricated.
One very promising approach to achieve this goal for field robotic systems is
the development of a design methodology based on the use of standardized
modular physical components, and control and planning algorithms and
software that are compatible with a modular structure. To date, no other
quantitative methods to rapidly design a field robotic system using modular
components for a given mission have been developed.
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Rapid deployment
Clearly, methods that would permit the rapid assembly and deployment of
cost effective field robotic systems using standard modular components
would make these systems practical for many important missions. As
discussed below, in this research the USS Constitution (Old Ironsides) serves
as a testbed for evaluating many of the research results. This permits the
experimental testing of the design methods developed in this fundamental
research program for a practical mission. The modular design techniques are
used to suggest several candidate robotic designs for the Constitution.
Other advantages of modular systems
Using modular parts and designs leads to higher production volumes and
lower part costs. Robots with modular components can be easily and quickly
repaired by replacing a defective module. Additionally, the modular part
inventory can be improved off-line, allowing aging modular robots to be
updated to state-of-the-art technology with little redesign or down-time.
Objectives
The objective of this research program has been the development of a
rational design framework for automatically designing robots based on task
requirements using a set of modular components. With this modular design
approach, robotic systems for missions in unstructured field environments
can be designed and deployed rapidly and cost effectively. Computer based
search algorithms are implemented to quickly and automatically find
appropriate candidate designs.
It will be shown that simple tests can screen large numbers of alternative
robot designs to quickly yield a few candidate designs which are believed to
have the potential to perform a given task well.
This research does not attempt to plan the actions of the robot for the
performance of the task. Instead, for a fixed task and solution domain, certain
characteristics and capabilities are deemed necessary based on fundamental
solid engineering principles. These characteristics are tested in a
computationally efficient manner. Related research covered in other theses
includes the development of modular planning [11] and control algorithms.
Background and Literature
To date a number of field robotic systems have been developed and proposed
for specific applications. Systems have been designed to work on construction
sites, to crawl through small-diameter gas lines, and climb up walls [4, 12, 13].
Systems are being developed for specific tasks in the service industry, to act as
a nurse's aide, to perform sentry duty, to clean and to care for the elderly, or to
prune grape vines [14, 15, 16, 17, 18, 19, 20, 21]. While some of these systems
may prove to be effective, some have demonstrated the limits of current
technology. For example, Dante, a system designed to explore the insides of
volcanoes, did not perform as hoped during its initial field tests because of
difficulties with its umbilical cable [22]. Clearly, if the technical problems with
designing self-contained systems could be solved these systems would be
more robust.
In the past, most design studies in robotics dealt with the problems of
"classical" fixed-base industrial manipulators. Many of the results of this
work have entered engineering practice [23]. More recent research has
focused on such issues as the development of new and innovative
components, sensors or computer architectures for robotic systems [24, 25, 26,
27]. Recently, significant research has been devoted to developing micro-
mechanical precision and new exotic components for robotic applications [28,
29, 30, 31, 32]. However, robotic systems for field missions need to be quite
different from conventional fixed base inanipulators commonly used in
industry, see Figure 1.
Research into designs with potential use in field applications has studied
mobility methods based on walking, climbing and crawling [6, 9, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42]. As a result of this research a number of very innovative
specific designs have been developed and demonstrated for field systems and
for simple laboratory systems [8, 43, 44, 45, 46, 47]. Also some interesting
lessons on the design of mobile robotic systems have been obtained from
studying biological systems, such as animals and insects [48, 49, 50]. Some
studies of mobile systems have attempted to develop design methods based
on fundamental mechanics, such as developing design rules for motor
selection to avoid actuator saturation and to minimize systems power
consumption [7, 51]. It is interesting that most of the studies on the design of
field robotics referred above have largely focused on achieving mobility
without manipulation. However, there have been some important
exceptions [52].
What is clear from an examination of the past research in field robotic
systems is that is has either dealt with development of specific technology, or
with a specific "one of a kind" system. Little or no work has been done to
develop general methods to aid in the rapid design of field systems. It would
be of great benefit to have general methods for designing field systems that
consider the important attributes for a given task, and then quickly yield the
configuration and design parameters of robotic system that is capable of
meeting the mission's functional requirements.
In recent years there has been some important work done exploring some of
the issues of industrial manipulators constructed with modular components.
These studies include research dealing with the mechanical design [53, 54] the
kinematic modeling [55, 56, 57], the enumeration of assembly configurations
[58], the configuration selection based on computer aided design techniques
[59] or on expert systems [60], the design based on task requirements [61, 62],
and fault tolerant design [63]. This research has focused on industrial-type
manipulator systems; systems consisting of relatively simple open loop
chains of links operating from fixed bases. Such systems are very different
from field systems that must be capable of mobility as well as manipulation,
such as shown schematically in Figure 1.
The performance required of these field systems is quite different, arguably
more difficult, than those for industrial systems [64]. For example the
precision of an industrial system is often paramount. In field systems the
need for the system not to turn over while moving, or for a battery powered
system, not running out of power [51, 65] can be the critical issues. Such
issues can make any design method very difficult, in part because in a field
environment, unlike a factory, the task and the environment are not well
controlled, or possibly even well known. This makes the modular design a
challenging problem. While we are aware of one specific field system
designed with a modular character this was done on an ad-hoc basis [4]. The
development of general techniques to design modular field robotic systems
remain a virtually unexplored problem. Such design methodologies would
need to consider the fundamental limitations of the physical hardware, such
as actuator saturation characteristics and battery life profiles that are available
for field robotic systems. They should be able to quickly assemble system
designs from modular subsystems and components. These methods should
be based on fundamental engineering principles to insure they have the
flexibility to be used for a wide range of systems and missions.
Modular Design
Modular robots
The key to this approach for achieving cost-effective and rapidly deployable
multi-limbed mobile field robots is the use of modular components. Figure 2
shows, schematically, a relatively small set of modular components. Figure 4
and Figure 4 contain just three of the many possible systems that can be
obtained from this inventory of modules. A real inventory might contain
more, but possible not a great deal more, component types. Components of
various sizes might also be included.
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Figure 2. A sample set (inventory) of modular components
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Figure 3. A system assembled from a limited inventory of modular components
Figure 4. More assembled robotic systems
Small inventory of parts yields wide selection of robots
Modular systems make sense in the context of automated robot design and
assembly. As shown in this thesis, using a simple set of fixed rules, modular
systems can be automatically generated and tested. Combining a small set of
modules in different ways permits an assembly space of many topologically
diverse robots. A modular system can automatically span this space.
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Most of the possible robots are not useful
Of the many possible robots, only a small fraction are useful. The vast
majority will contain one or more features that precludes the possibility of a
useful robot. If these features can be recognized, then such robots might be
quickly discarded, or avoided altogether.
There are too many to consider in a conventional way
Even with modem high-speed computers, the combinatorial explosion of the
number of robots precludes analysis of every possible assembly.
The number of robots (actually, the number of kits, explained below in Kits,
page 26 - basically, a kit is an unassembled group of modules) that can be
produced by taking exactly r modules of n unique types with replacement is
(r + n- 1)! [66]. Thus, using up to 30 modules of 12 unique types yields 11
n! (r - 1)!
billion possible robots (note the expression given is for exactly r modules, not
up to r modules. The sum of these expressions with r running from 1 to 30
yields the 11 billion.) If the entire algorithm took only 1 millisecond to
conduct per robot, a computer would still require 127 days to execute.
Hierarchical selection process to avoid combinatorial explosion
The key to the development of a practical method for automatically
generating robot designs is a hierarchical filtering process that reduces the
design space at every stage, see Figure 5. At each added level of complexity
(topological or structural) broad regions in the design space are eliminated,
minimizing the total number of assemblies to be analyzed. This method is
hierarchical because it eliminates entire sub-trees from consideration,
multiplying its effects in every subsequent level.
Parts size
OP
Kits 'F
0
Assemblies
Figure 5. The multiplying effects of hierarchical filtering. Removal of a bad kit eliminates the
subsequent analysis of all its child assemblies
Simple tests can quickly distinguish between remaining assemblies
Assemblies that make it through the filtering process must be evaluated in
terms of how well they can perform the required tasks. A numerical
objective function based on diverse features of the assemblies is used in a
search for the best candidate robot for the task. This objective function is the
sole element determining the outcome of the search. An important aspect of
this research has been the development of a computationally cheap objective
function that can reasonably predict robot performance, and therefore deliver
useful robots.
Evaluation
This thesis seeks to address the advantages and limitations of the modular
design approach. The research uses simulations and analytical studies to
evaluate the results obtained. This approach has been undertaken within the
context of multi-limbed field robots, using The USS Constitution as a
demonstration project. The modular design techniques are developed and
implemented in a software system, a modular inventory is designed, and the
system is used to suggest several inspection and treatment robotic systems for
the Constitution.
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Chapter 2: Continuous vs. Modular Design
Space
In some important ways, the design of a modular system can be simpler than
the design of a conventional system. The design space of a modular system,
given a set of available modules, can be represented by a finite set of possible
assemblies, while the non-modular design space is, in theory, infinite.
Figure 6 conceptually shows a two dimensional non-modular (continuous)
design space. The vertical axis symbolizes the robot performance, while the
two independent design variables (a and 3) can assume any value in their
range. Figure 7 shows the corresponding modular design (ai, bj, i = 1, 2, ... n, j
= 1, 2, ... m). There is now a finite series of systems that can be composed of
two components that are allowed only discrete values. The values are
constrained by the available inventory, made up of n a-types and m b-types.
For systems with more components the dimensionality of the space would
grow. While the modular space has a finite set of components, the number of
assemblies that can be made, as mentioned above, grows very rapidly. For
any real problem an exhaustive evaluation of all possible designs is out of the
question. The key to a practical search lies in reducing the search space to a
computationally feasible size. Such a space is indicated in Figure 8 where a
number of the discrete design values have been eliminated using a method
such as the hierarchical physics based method described by this thesis. In
Figure 8 only systems with estimated good performance remain. At this
point it becomes feasible to evaluate the performance of these "good
candidates" in detail.
Figure 6. A continuous design
space of a conventional system
1 1
Figure 7. A discrete design space Figure 8. A reduced discrete
of a modular system design space of a modular system
Chapter 3: Modular Design Method
In this research structured hierarchical procedures are formulated to search
and evaluate the performance of possible assemblies of modular components.
The methods are framed to exploit the physical nature of behavior of these
systems and their tasks and environments. The methods also attempt to
achieve effectiveness by recognizing that some of the performance
characteristics of these systems are much easier, and computationally
efficient, to predict than others [67]. For example, it is much easier to evaluate
a candidate design configuration's static stability - if it will fall over - than the
communication data rates required to control it in a given mission. The
modular search algorithm applies the simplest tests first to prune the set of all
possible designs and quickly converge on a small set of candidate assemblies
of modular components. Only the successful candidates need to be
considered by the later, more computationally intensive tests [7].
Figure 9 shows the search method schematically. This figure is referenced
and explained throughout the remainder of this thesis.
Figure 9. A physically structured search process
Domain
Task domain
The modular design approach has been applied to the domain of field robotic
applications in partially known, complex environments.
Solution domain
The solution domain is restricted to the class of multi-limbed, static walking
robots. These robots should be self-contained in order to function in extreme
19
field environments. In general, the robots are capable of force manipulation
of the environment to some degree.
Task Structure
Sample task
For purposes of illustration, the modular design method will be described
with a sample task in mind. The task is taken from the USS Constitution,
where a robot is needed to inspect wood surfaces in the bilge of the ship for
rot. This area is shown schematically in Figure 10.
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Figure 10. A schematic of the USS Constitution bilge area
Further details of this task can be found below.
Representation
If a detailed model of the task environment was known beforehand, highly
specialized robots might be valid solutions. In Figure 11, the task is to reach
the target with a gripper. Knowledge of the pipe diameter and material, exact
location of the target object, size of the fitting, location of the bend, etc., as well
as access to one end of the pipe would be required to implement the pipe
hanging robotic solution. Knowledge of the water extent, depth,
composition, and target location might make a floating robot possible.
Figure 11. Analytical solutions depend on task representation
Figure 12. Simple task representation
A simpler task representation is shown in Figure 12. The task is described in
simple terms with a limited number of concise constraints, such as the
maximum span and maximum step required. Since the solution domain is
limited to walking, limbed robots, the constraints were developed for this
domain. If the solution domain included pipe-crawling or floating robots,
then constraints appropriate for these domains would be included as well.
target
maximum step
n :.... maximum span
r,
The task is described via these simple constraints for two reasons. First,
because the task domain is in field environments, exact knowledge of the
environment is unavailable. The constraint method eliminates the need for
complete detailed environmental knowledge. Second, simple constraints
lend themselves naturally to simple tests, which are the basis for the
hierarchical search method.
If all the constraints are met, then it is assumed that the robot can perform the
task adequately. This thesis does not involve the analysis of more complex
plans [11] to determine task adequacy.
Weighting factors are also included in the task representation. These are used
to achieve the desired mix of cost, running time, and reliability appropriate to
the task. Other factors, such as robot mass, are not given weighting factors
because they are used only as constraints; as long as the robot mass is under 9
kg, the robot is acceptable.
Constraints are geometric (maximum step size required, maximum span to be
crossed, minimum hole size the robot must crawl through), static
(maximum force to be applied against the environment), kinematic
(maximum payload to be lifted), and environmental (all modules must work
in the dark and wet for the sample task.) Additionally, a list of required end-
effector capabilities (the sample task requires 4 feet that can operate on a
horizontal wooden surface, and 1 gripper.) Other constraints include
maximum mass allowed, minimum required operating time. Cost is also
used as a constraint, as well as a weighting factor.
Assembly Structures
In the design methodology presented in this thesis, five levels of structure are
used to develop robots, see Figure 13. First, individual modules are designed
in full detail. These modules are then grouped together by function.
Modules are then chosen from these functional groups and collected into kits.
From the kits, subassemblies are constructed. Finally, the subassemblies are
combined into full robot assemblies.
Modules
Module Classes
Kits
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Figure 13. Levels of robot structures
These five levels of structure were chosen because general physical rules can
be applied at each level. These rules can determine whether subsequent
assemblies will be reasonable robotic solutions. Every structural level
provides additional rules, helping reduce the solution search space. The
organizational overhead of maintaining multiple structural levels is
insignificant compared to the computational savings realized through the use
of these rules.
Modules
The individual modules used in the automated design algorithm are
designed in detail before the search can begin. Evaluations used during the
search depend not only on general characteristics of the modules, such as
classification type, but on actual physical characteristics as well, such as
weight, maximum torque, power consumption, and material properties.
Different evaluations and tests used throughout the search use models of
varying complexity extracted from the full module model. For example, a test
for static strength may depend on a lumped mass model of the modules,
while a dynamic stability test may require a moment of inertia matrix.
By knowing all the details of the modules in advance, the refining process of
traditional design is eliminated. A potential robot can be described
completely from its modules and their organization. The robot's capabilities
are accordingly completely calculable as well. This feature is necessary for
ranking robots' task performances.
Table 1. A sample modular parts inventory
Name Icon Energy Total Energy Energy Environments Size Mass (kg) Max. Force
Type (w-hr) Usage (w) (can) (N), Torque
Electric Electric 400 0.2 dry, damp, 4.5 x 9.4
Power metal, ground 5.0 x
Supply 5.0
Hydrauli Hyraulic 20000.0 dry, metal, 8.4x 40.0
c. Power ground, ra- 8.7 x
Supply diation 12.0
Links 0.0 dry, damp, 4.0 x 1.5
wet, metal, 1.0 x
Sgrond 8.0
Hin Electric 0 5.0 dry, , 2.0 x 3.4 1.0 Nm
Joint/Act metal, ground 2.0 x
uator 3.4
Joint/Act metal, ground 1.2 x
metal, ground 6.7 x80II.V
ectFric 0 6.0 dry, damp' 1.0 x .2
lighted 1.0 x
1 4
Cameral
Electric 0 6.0 dry, damp 1.0 x .2
lighted 1.0 x
Sensor 1.4
End- None 0 0.0 dry, damp, 0.4 x 0.4
effector wet, metal, 0.4 x
Foot w _ground 1.0
End- Electric 0 .0 dry, damp, 1.4 x 1.3
effector metal, ground 1.4 x
Gripper 3.0
uarLr
Joint/Act
n•atrw
Range
Module Classes
The modular parts inventory is divided into subclasses based on
functionality. The four subclasses used are power supply modules, actuated
limb segments, passive structural link segments, and end-effectors, see Figure
13.
* Power modules supply power to the other connected modules. Most
commonly these would be battery based, but a gasoline-powered air pump
might also be used as a pneumatic power source, or a module with a self-
winding power cord attached to a fixed power station if self-containment
was not necessary. Power modvles would come in a variety of capacities.
Also, because they are used in the center-body of all robots (see
Subassemblies, below) power modules have multiple connection
locations, or ports, where other modules can attach to them.
* A passive structural link segment, or link, passively connects two other
modules together, rigidly, a fixed distance apart. Key features of links are
material properties such as strength and stiffness.
* An actuated limb segment also connects two other modules. These
modules consist of an active actuated joint of at least one degree of
freedom, combined with a rigid beam. Because the major difference
between these modules and links is the addition of the actuated joint,
these modules will be called joints for the remainder of this thesis. Joints
use power provided by an appropriate power module, and can be
characterized by applicable torques and speeds.
* The final category is end-effectors, such as grippers or feet, or wheels in a
wheeled system. End-effectors come into direct contact with the
environment on one end, while the other attaches to another module.
All modules have some common features, such as size, weight, reliability,
sustainable loads, and acceptable working environments. Some module
classes have additional specific parameters - actuated limb segments and end-
effectors have a required power type (i.e. electrical or hydraulic) and
maximum torques. Power modules have an energy storage capacity.
These module classes were organized by functionality so that structural
analyses could be simplified. This decision has worked well in practice, but it
has proved beneficial to further subdivide the end-effector class into feet and
grippers for certain analyses. Other organizations, such as by power type or
operable environments, have not been found to be as widely useful in this
search hierarchy, because they do not lend themselves to structural analysis as
easily. These properties are therefore accessed as attributes of individual
modules, and not as module classes.
Kits
A kit is an unassembled group of modules, which might later be assembled
into a robot, see Figure 13. Typically, a kit can be assembled in many different
ways, producing many topologically diverse robots. All modules within a kit
must be used in the assemblies made from that kit. (If a module was not
used, the remaining modules would simply constitute a smaller kit.)
However, there are some kits that can never produce useful robots, no matter
how they are assembled. The physically based kit selection rules shown in
Figure 9 eliminate these fundamentally flawed kits. For instance, a robot
with a hydraulic power supply and electric actuators cannot function in any
assembly; similarly, a robot made up of only "feet" will never be useful, see
Figure 14. These kits are simply not produced by the modular design
algorithm, effectively pruning large areas of the design space as in Figure 5
and Figure 8.
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Figure 14. These kits can never produce useful robots
Subassemblies
Kits are then organized into subassemblies of a center body and serial-link
limbs, see Figure 13. Subassemblies are created according to certain physical
rules that eliminate "nonsense" structures. Every limb must end in an end-
effector and contain at least one joint. The center body must contain all the
power supplies (by definition) and can also contain links and joints, but not
end-effectors.
The subdivision into center body and limbs is a consequence of the stated
solution domain, multi-limbed walking robots. In other solution domains,
different subassembly types might be required.
It can be argued that limbs do not necessarily need to be serial. This then
blurs the distinction between center-body and limbs, and eliminates most of
the consequential subassembly rules. If subassemblies are eliminated, as
indeed they can be, more full assemblies must be tested.
The tradeoff between more structured and more open classifications, as in
most areas of the modular design algorithm, is in the incremental
performance benefit provided by allowing more assemblies versus the
increased design space to be searched at later (and more complex) tests.
Assemblies
As shown in Figure 9, the subassemblies are combined in various
arrangements into completed robot assemblies. This is facilitated by a
minimal set of assembly rules, which simply insure that legs are connected to
the center body, and that there are at least four legs (to allow static walking.
This rule could be relaxed if dynamic walking was allowed in the solution
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domain.) Assemblies are fully defined representations of actual robots, and
can be used in simulations or evaluations, or constructed out of parts from
the modular inventory and inserted into the task field environment. Good
assemblies will be able to perform the task well.
Assembly Representation
Modules are described in full detail. Assemblies can be described in full detail
if the component modules are known, and the order in which they are
connected is known. The assembly is therefore represented internally as a
connection diagram. Different tests can extract the features they need from
the assembly description and the module descriptions, as in Figure 15.
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Figure 15. Assembly representations. The robot body and one limb are shown.
Figure 15 lists some assembly tests and the relevant information from the
assembly that is needed by the test. These tests are described in detail in
Chapter 6: Application to the USS Constitution. Grubler's mobility test
requires only the type of joints or links and their order. A static stability test
requires the relative positions of mass concentrations. A geometric
interference check requires full dimensional knowledge and the location and
ranges of joints. A deflection under loading test requires the lengths and
material properties of the limb segments. Not shown in the figure, a full
dynamic simulation would require mass moment of inertia matrices, relative
positions, actuator torques and speeds, etc. These representations are derived
as needed during the tests. See Table 2 for other test information
requirements.
Table 2. Required information for tests.
Test Required knowledge
interference dimensions, motion ranges
static forces dimensions, torques
mobility topology, static forces
static forces dimensions, torques
static stability center of mass, foot positions
deflections material properties, moments of
inertia
accuracy dimensions, backlash, deflections,
sensor accuracy
dynamics dimensions, joint velocities,
moments of inertia, torques
kinetostatics dimensions, joint velocities, joint
accelerations, moments of inertia
power consumption torques, actuator efficiencies
speed dimensions, joint velocities, joint
accelerations
These tests are designed to be independent of the task and the plan. They
only use information available in the module descriptions and the assembly
representation.
Search Hierarchy
Physical-based rules determine how assembly structures are constructed.
Additionally, task-based filters are used at several points throughout the
search to further prune the solution space. The distinction between rules and
filters is that rules always hold true, regardless of the nature of the task, and
filters are task-dependent. A rule might be: the robot must stand statically;
and a filter might be: the robot must weigh less than 20 lb. Finally, numerical
evaluations of the structures are used as ranking functions. An evaluation
might give robots with low weights better scores. Evaluations can be task-
dependent or not. Rules, filters, and evaluations are collectively referred to
here as tests.
Filters
Filters remove from consideration any modules, kits, or assemblies that
cannot meet certain task requirements. Note that filters do not insure that a
passing candidate will be able to meet that task requirement - passing a filter is
generally a necessary but not a sufficient condition to insure task compliance.
For this reason, filters can be kept simple, saving computational effort for
later in the search, when there will be fewer candidates to consider.
For instance, one assembly filter may be a test to see if a robot can walk. A full
test of walking ability might require a full dynamic simulation of the robot,
which, although possible, is a computationally expensive procedure.
However, a quick-and-dirty walking test might be: check that each foot can be
lifted individually without the robot falling over. This test will still
eliminate many, but not all, candidates that cannot walk; foot-lifting ability is
one of a number of requirements for walking.
Filters are arranged at each structural level according to their complexity and
ability to eliminate assemblies. Computationally simple filters that eliminate
a wide selection of robots are the most useful in terms of search speed; later
filters that involve more computation will have to be applied on fewer
robots. The effects of filter arrangements are discussed in "Effectiveness of
Tests on Search Size," page 68.
Module Filters
The search process begins by considering all available modules in the
inventory, see Figure 9. Modules are removed from the working inventory
of parts if they do not meet some low-level task-based criteria - for example,
since the bilge task involves exposure to sea water, only sealed sensor
modules can be used. Any unsealed modules are removed from further
consideration. Additionally, the task involves a spatially complex path, so a
fiber-optic communications module with a tethered fiber optic line would be
eliminated. Reducing the number of modules in the inventory reduces the
design space as shown in Figure 8.
Using the expression on page 14, if just 3 modules are eliminated by module
filters (for example, two hydraulic modules are too big to fit in the confined
space of the task, and a videocamera module could not work in wet
environments), the number of kits is reduced by a factor of 50 to 212 million.
Kit Filters
The kit filters, see Figure 9, insure that all feasible kits meet some aspects of
the task requirements. The kits do not have to be assembled for kit filters to be
applied. For example, the weight of the robot in the Constitution task is
required to be under 20 pounds, so kits whose components sum total weight
are greater than this are eliminated. Again, eliminating kits before they are
assembled greatly reduces the design space to be searched, see Figure 5, so
developing broadly applicable kit filters is an important aspect of this
research.
Assembly Filters
Assembly filters eliminate assemblies based on aspects of the assembled
structure. Many of the more accurate tests of the task requirements (walking
ability, range of motion, or endpoint force) can only be addressed with a full
assembly representation.
In the sample task, a robot is required to climb a step. A kit filter checks step
height as a function of average limb length and rejects robots not capable of
this action. A related assembly filter might check the step height based on the
actual, assembled limb lengths. The kit version represents a necessary
condition to climb the step. The assembly version is more complex, but
represents a sufficient condition.
Extra computation time is involved in executing both filters for robots that
can walk, given that the second (assembly) filter alone is sufficient. However,
all of the kits rejected by the first (kit) filter have saved the computations
involved in executing any remaining kit filters, setting up all possible
assemblies to be made from that kit, and executing any assembly filters over
all of these assemblies. The actual computational tradeoffs between test are
described in Effectiveness of Tests on Search Size, page 68.
Robot Evaluations
Robots are evaluated for their potential task performance at two levels in the
search structure; first for kits, then for assemblies. These evaluations are
numerical and represent the quality of the solution. Robots with the higher
evaluations are more appropriate for the given task. The evaluation at the
kit level, including factors such as weight and cost, is used as an additional kit
filter - low scoring kits are removed - and it is for this reason that the
evaluation occurs at this level. The kit evaluation is included as a
component of the second, assembly, evaluation. The assembly with the
highest assembly evaluation score is considered the optimal robot for the
given task.
Kit Evaluation
Kits that pass the kit filters are evaluated and compared to a threshold, see
Figure 9. This evaluation is simple compared to the final assembly
evaluation. The evaluation is the weighted sum of a series of tests, such as
estimated reliability based on parts count, total cost, component inherent
accuracy, power efficiency, weight, actuator speed, and predicted span. The
bilge example robot needs to slowly probe closely spaced points for rot over an
area of thousands of square feet for many hours without an umbilical.
Therefore, for this task, kits with estimated low static actuator power
consumption would be given a high evaluation.
Kits that have scores below a given threshold are filtered out at this point,
under the assumption that below some level a kit is not worth considering,
even though it may have passed all the filters up to this point. This
threshold can be changed to influence search speed and search thoroughness.
Reducing the threshold to zero will allow all kits at this point to be
assembled, and raising it above some maximum will eliminate all kits.
Assembly Evaluation
The final assembly evaluation computes the effectiveness of a robot for the
given task. Again, the evaluation function is the weighted sum of a series of
tests that include bandwidth, range of motion, mobility, walking speed,
endpoint force, accuracy, and redundancy. Fast, accurate, low-cost, high-force
robots would generally score well. These evaluation function in general will
be more complex than previous tests, but since the number of assemblies has
already been reduced significantly, the total time required for the assembly
evaluations is minimized.
In the most complete incarnation of the automated modular design method,
complete kinematic and dynamic models of the modules and their
arrangement could be passed to external dynamic modeling programs for
evaluation, such as [68,69,70], for complete dynamic simulation. Results from
this simulation would be reported back to the modular design algorithm to be
incorporated in the assembly evaluation.
Chapter 4: Designing Modular Components and
Inventories
Good Design Characteristics for Modular Components
In designing the inventory of modular parts used in this implementation,
characteristics for good modular designs were investigated. Different and
new technologies and materials for actuators, sensors, structures and energy
storage elements were evaluated within this context. The characteristics
below are true in general for modular systems, but of course there will always
be exceptions. Some of these characteristics are well-known, while others
remain relatively undeveloped.
Some of these characteristics were incorporated into the modular inventory
used in the Constitution task.
Features
Structural Features
* The scale of most mechanisms (85%) is between 3 cm and 40 cm [71]. This
might be an appropriate scale in which to develop modular mechanical
parts as well.
* Circular cross sections of structural components should be used because
their final loading orientations are unknown [54]. Circular cross sections
bear loads equally well in all directions.
Gaits
* A wheel diameter must be twice the size of a leg in order to traverse the
same step height [72], see Figure 16. However, wheels are more energy-
efficient than limbs because they have no dead-time in their cycles [72].
Also, static stability on wheels requires no power. So, for size-dominated
tasks, limbs are better; for energy-dominated tasks, wheels are better.
Figure 16. Leg step height versus wheel diameter
* Continuous (wheeled) gaits also lead to smoother motion over flat terrain,
resulting in higher speeds, more efficient energy usage, and additional
stability due to rotational inertia [72].
* Statically stable gaits are safer than dynamic gaits [72]. Because the
environment is partially unknown, safety concerns dictate slower, more
robust gaits.
Interfaces
* Symmetric couplings at modular connection interfaces allow for multiple
orientations and redundant connectors [73].
* Hydraulic and other fluid-based modular connections are more difficult to
make and maintain than electrical connections. On the other hand, they
have higher power to weight ratios [54]. They should thus be avoided
unless the task is power-dominated.
Transmission Features
* Most applications require high torques and low speeds [73]. Because the
domain is field environments, and not manufacturing, robot actions are
generally unique (non-repetitive), and because the environment is
partially unknown, safety concerns dictate slower motions.
* Compared to transmissions, direct drive actuators are stiff, have no
backlash, and low friction. However, they are backdrivable, have lower
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torque to weight ratios, and are optimized for a particular speed and load
[54].
* Harmonic transmissions have high single-stage reductions, and are
accurate, repeatable, and efficient [54].
* Non-backdrivable actuators require power only when moving. For slow
moving, statically stable robots (typical of field applications) these will be
more energy efficient.
Technology
The following Table 3 [74,75,76,77,78] lists some well known and some
unusual actuators with quantitative and qualitative ranges in which they are
effective. This list is not comprehensive but is included to show the wide
breadth of the field typically ignored during the design process. Modules can
be refined and improved as new technologies become available, and modular
robots can be improved in the field, with minimal down time.
Table 3. Some actuator types and characteristics.
type dimension frequency force power work comments
output / energy
weight density
electro- 50 Pm high 5 gF high .4 J/cm3  difficult
static output
coupling
piezo- 1mm 100 kHz 4 kgF/mm2  high 5e-4 J/cm3
electric
ultrasonic 1 cm 5 Hz high low no trans-
mission
necessary
shaped .1mm 70 Hz 4 kgF/mm2  high 10 J/cm3  heat
memory dissipation
alloys necessary
electro- 5cman 100 Hz high low 1J/cm3
magnetic
induction
rubber- 1mm low 2 N high pressure
tuators differentia
1 to motion
magneto- 2mm low high N/A high B field
strictive changes
viscosity
electro- 2mm 1 kHz 3 kPa N/A high E field
rheo- changes
logical viscosity
chemo- 1 cm 25 cm/min. low low chemical
mechanica availabili
1 gels ty to
motion
Design Via Frequency in Solutions
The automatic modular design algorithm can be used to help determine its
own best inventory of parts. Varying the modular components available for a
set of tasks and using the modular design algorithm to assemble the best
systems, it is simple to note how often each module appears in the solutions.
Modules that are utilized infrequently can be discarded. This in turn helps
keep the modular inventory size to a minimum, allowing more rapid
searches, and reducing the costs of manufacturing and maintaining the parts
inventory, all without significantly degrading the performance of the systems
produced.
The inventory can be constantly improved over time by adding new
modules, and then trimming the size back with the above "survival of the
fittest" approach.
Since statistical data on the best robot candidates can be recorded
automatically by the algorithm, the algorithm could itself quite easily modify
its own choice of inventory with this technique. Given a set time limit, it
would choose the top n modules such that the search finished on time. A
longer time limit would allow a greater selection of modules, reaching
further into the more unique reserves.
Design Via Usage in Solutions
Modules can be refined and optimized individually in a more sophisticated
manner as well. If usage data are collected instead of frequency for a range of
tasks, then each module can be refined according to how it is most often used.
For each successful robot design (with an assembly evaluation above some
threshold), the average and maximum loads (for example) are recorded that
an individual module sees, as determined through evaluation. If the loads
are generally greater along a particular module axis, the module structural
design can be modified to reflect the typical loading. The amount of material
along subcritical axes can be reduced until all axes has equal safety margins,
reducing the weight and cost of the module.
Similarly, if an actuator is generally driven in the upper end of its speed
range, a higher speed actuator may be in order. If it is generally driven in its
lower end speeds, then a cheaper, lower-speed actuator might be substituted,
resulting in a cost savings with minimal performance impact.
This type of design refinement does not lend itself to automated
improvement as easily as the frequency method. One can imagine that the
usage data would be analyzed by an engineer, who would then suggest design
improvements. However, it is possible that in controlled situations, module
refinement could be completely automated. For example, the dimensions of
a link I-beam might be adjusted automatically based on the typical loads it
sees.
Design Via Modular Design Algorithm
Another approach to the design of the modular inventory might be this
modular algorithm again, applied at a lower level. Now joints or end-
effectors might be the desired assemblies, the task would be suitably redefined,
and the modular design algorithm would be applied using an inventory of
lower level modules such as motors, shaped memory alloys, and hinges.
Although this approach was not used to design the modules in this research,
the level of modularity is significant and is discussed below.
Chapter 5: Other Issues
Growth of Design Space
Increasing the number of unique module types available exponentially
increases the number of kits to be searched, which in turn increases the search
time. Because of this, significant effort has been spent trying to keep the
inventory size as small as possible. Although it may be theorized that in
general, the larger the inventory size the better the quality of the solution will
be, the actual relationship of inventory size to solution quality has not been
examined in this thesis.
Level of Modularity
It has become clear at this point that a different level of modularity could be
built into the algorithm, see Table 4. The modular parts inventory could be
limbs or bodies (similar to subassemblies, above) instead of joints and links.
Well-designed limbs and bodies would be developed before the search began.
These then would be combined into robots, and everything before this step in
Figure 9 would be eliminated. This would greatly reduce the assembly search
space, and explicit rules could begin to be written for every combination,
approaching an expert system robot designer. However, such and "expert
system" will never produce an original robot. In this case, it was decided that
predesigning subassemblies would unacceptably limit the variety of solutions.
Modules could also be designed at the very low level of motors, gears, or even
screws, but then the combinations rapidly increase, and the combination rules
become exceedingly complex. The design space approaches the continuous
space, and the advantages of modularity are lost.
Table 4. Module Levels. These are characteristic points on a continuous scale.
Module Level Example Pros Cons
low gear, motor greater design long search time,
freedom complex
connection rules
middle rotary joint + link reasonable design freedom and search
+ interface speed
high 6-DOF arm fast search, can small design
guarantee good freedom, maybe
subsystems no solution
In general, the lower the level of modules, the larger the search space, and the
better the solution, but the longer the search will take. Solutions are better for
lower level modules in general because they can be more finely tuned to a
specific task. The level chosen for this design algorithm is therefore in "the
middle," low enough to produce a wide variety of robots, but high enough to
hide the very complex layer of fine details and allow simple combination
rules, and execute in a reasonable amount of time.
Search Method Comparison
Gradient
Traditional gradient-based search techniques [79] cannot be used for this
search problem. The space of modular assemblies can be considered by
definition non-continuous, and therefore no gradient exists. In a physical
sense, this means that two robot assemblies that are extremely topologically
"close," say only a single module is different, can have widely varying
performance evaluations. No information about which robot to try next can
be predicted via gradient methods.
Branch and bound
The quality of a branch and bound search is dependent on the accuracy of a
guaranteed underestimator of robot performance [80]. For this application,
because the performance is dependent on a hierarchical series of tests, a single
simple and accurate performance underestimator is impossible. Branch and
bound searches might be performed on various subcomponents of the main
search. This method might produce a better robot testing order. However,
because of the hierarchical nature of the of the search, the "bounding" portion
of the branch-and-bound technique would have to be designed to take this in
to account.
Simulated annealing
Simulated annealing is a probabilistic process that traverses the solution space
in a somewhat random manner [80]. This technique does not span the
solution space, and does not guarantee optimality. Additionally, simulated
annealing in general requires lengthy parameter tuning for convergence, and
so is not appropriate for an automatic algorithm meant to cover a wide
variety of circumstances (tasks, modules, rules, and evaluations.)
Genetic algorithms
Genetic algorithms by their nature identify good design components in
complex systems [81]. This leads to the concept of related robots - a highly
ranked robot is encouraged to have similar children, with the hope that some
of them may be better than the parent.
Like simulated annealing, genetic algorithms do not guarantee an optimal
robot. However, they do not require tuning and so might be used for the
modular design problem. The filters, rules, and evaluations developed in
this research can be applied to a genetic algorithm search as well; if the
optimal robot is not required, then genetic algorithms might be a good search
method to use for a faster solution.
Genetic algorithms might be incorporated into the hierarchical modular
design algorithm in the following way. The search is conducted as before,
except that when good robot assemblies are produced, some representation of
them is added to a gene pool, see Figure 17. Good is defined as a high scoring
assembly evaluation. There may be two gene pools, one for kits and one for
assemblies. Subsequent kits and assemblies are chosen via the genetic
algorithm procedure, instead of in a regular order.
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Figure 17. Adding a genetic algorithm search
Learning
The statistical learning process for designing the modular inventory described
above could also be applied to more complex structures, such as
subassemblies. Subassemblies that are used frequently could be remembered
and tried first in future design searches. This would improve the average
designs in a time-limited search.
Sensing, Control, and Communications
Robot parts such as sensors, communication devices, and control units are
not presently included in this algorithm. These types of parts are generally
decoupled from the structural design of the robot in a modular system.
Because these modules are non-structural, and do not effect the topology of
the robot, they can be added after the rest of the robot is built. For instance, if
a robot needed to detect rot, a rot-detector sensor would be needed,
independent how the robot was designed. The robot could be designed using
the search algorithm without the detector, and the detector would be added
after the solution was found. If the detector did affect the robot structure - if it
weighed a significant amount, for instance, then those features should be
factored into the robot design by including them as task requirements - a fixed
payload with a certain weight and power consumption.
Chapter 6: Application to the USS Constitution
Constitution Task Description
To insure practicality of the modular design, the system was developed with a
demonstration task in mind. The example task is taken from a project to
restore and maintain the USS Constitution, a historic naval warship. The
task is to inspect an area of the Constitution in the hold beneath the ballast
supports, see Figure 18, locating any areas of rot in the wooden beams of the
ship, and reporting this information, see Figure 10. This sub-ballast support
area is from 5 to 8 inches high, 4 feet wide and 150 feet long. The area is
entirely wood, and the environment is usually damp and dark. There may be
puddles of water 1-2" deep in the inspection areas, and water may drip from
above. There may be spaces between the floor boards of 1". Additionally, the
area is compartmentalized by diagonal riders spaced every 102" along the
ship, necessitating the ability to climb 8.5" out of one compartment and into
the next. The narrowest path is 4"x5.5", see Figure 19 and Figure 10.
Inspection includes video transmission of rotten areas, and a probe to be
inserted with 2 lb. force perpendicularly into rotten areas. The inspection
must be self-contained because of the complexity of the path (no cables),
although not necessarily autonomous, and moving speed should be at least
10 feet per minute.
Inspection Surfaces
Figure 18. Constitution hold cross-section
Narrowest path
Figure 19. View looking inboard. Diagonal riders compartmentalize the space.
Furthermore, there may be loose obstacles up to 4" x 4" x 4", 1/4 lb. in the
inspection areas. The robot might have to move these objects to complete its
inspection. The robot should weight less than 20 lb. for to allow easy
placement and removal. Total cost must be under $1000. This cost is based
upon having pre-manufactured robot modules available for use.
This task description is translated into a series of constraints as follows:
* Minimum step height required: 0.2125 m
* Minimum span: 0.088 m
* Maximum weight: 9.09 kg
* Working environments: Dark, Wet
* Needed end-effectors: 4 feet, 1 gripper for moving 0.12 kg loose obstacles
* Maximum size allowed: 0.088 m x 0.1375 m x 0.088 m
* Maximum cost: $1000
Parts inventory
The modules implemented in this application were designed using
traditional design methods. Although they have not been constructed, they
are theoretically accurate in terms of materials, weights, dimensions, stresses,
power consumption, torque values, speeds, cost, and motor availability. Costs
were estimated based on relatively large-scale production (100 units of each
module.)
The inventory includes 12 modules, as shown in Table 5: electric battery packs
in two sizes, a gasoline-powered pneumatic power supply, a short link, three
sizes of electric joints, two sizes of pneumatic joints, a pneumatic three-
fingered gripper, a shaped-memory alloy electric two-fingered gripper that can
be used as a foot, and a simple rubber-padded pivoting foot. In Table 5, the ID
number is a unique identifier label. The acceptable working environments of
each module a are denoted by capital letters: Wet, Dark, Vacuum,
Radioactive, high Temperature. Dimensions listed are external, and an
effective length (eff), if applicable, is the distance from connection point to
connection point. Notes include energy capacity, number of interface ports, a
maximum torque which the module can withstand across its effective length
without failing or being backdriven (support torque), and the maximum
applicable torque (apply torque.)
Table 5. Modules used for Constitution.
Module Type Energy Materials Environ Mass Cost Dimen- Notes
ID# type ments (kg) ($) sions (cm)
110 power electric lead-acid, WD 0.36 30 12x4x4 13.4 W-hr, 5
2024 ports
aluminum
112 power electric lead-acid, WD 0.14 17 8x3x3 5 W-hr, 3
2024 ports
aluminum
130 power pneu- 12-cc gas WD 1.1 70 16x9x9 100 W-hr, 6
matic power ports
plant,
bulb pump
270 link 7075 WRVD 0.01 10 1x5.5x1.2 361 Nm
aluminum T 4.3 eff support
310 joint electric Micro-Mo WVDT 0.7 175 3.5x15x6.5 1.02 W, 10 Nm
#3557, 12.5 eff support, 5 Nm
7075 apply, 0.91
aluminum rpm
314 joint electric Micro-Mo WVDT 0.08 80 1.5x6.4x5.7 0.09 W, 1.2
#1624, 5.0 eff Nm support,
7075 0.3 Nm apply,
aluminum 0.80 rpm
318 joint electric Micro-Mo WVDT 0.02 60 1x4.2x4 0.05 W, 0.9
#1016, 3.0 eff Nm support,
7075 0.1 Nm apply,
aluminum 0.91 rpm
330 joint pneu- 7075 WVDT 0.9 70 5x20x7 5 W, 30 Nm
matic aluminum 17.5 eff support, 20
Nm apply, 1.0
334 joint pneu- 7075 WVDT 0.6 50 4x10x5 4 W, 20 Nm
matic aluminum 8.5 eff support, 10
Nm apply, 2.0
rpm
410 end- electric NiTiNol WRD 0.03 40 1x5.5x5.5 0.06 W, 6.45
effector, wire 4.3 eff Nm support,
gripper/ .150mm 3.0 N grip
foot dia, 7075 force
aluminum
430 end- pneu- lead RDT 0.5 150 3x10x10 5 W, 30 Nm
effector, matic screw, 9 eff support, 30 N
gripper 7075 grip force
aluminum
470 end- 2024 WRVD 0.005 5 1x2x1.5 126 Nm
effector, aluminum, T 1.4 eff support
foot rubber
6port
No+wer
10 cm
Figure 20. Modular robot output from the automatic designer
Figure 20 shows some modular robots that were assembled during the search.
Limbs are shown attached vertically to various ports of the horizontal bodies.
The bodies are made up of one or more power modules, and the limbs are
made of different sizes of joint modules, links, feet, and grippers.
These robots are all bilaterally symmetric, so each limb appears on both sides
of the body. Bilateral symmetry is not a requirement of the search method,
but it seems to result in more reasonable robots for this task, and it certainly
makes the graphical output of the code itself much more comprehensible.
The Search Process
The modular design methodology has been implemented in software (C++
on UNIX.) The following sections show how the algorithm works at a fairly
high level. For more detailed look at the code, see "Appendix: modular
design program", page 85.
Since each kit is evaluated sequentially, memory requirements are minimal;
only the best few assemblies and the parts inventory need be remembered.
The time required for the search is on the order of a few minutes to a few
hours, depending on the inventory size.
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C++ is particularly appropriate to this hierarchical design algorithm because
of its class-handling abilities. There are direct analogues of the hierarchical
assembly structures in the code. There is a general module class prototype
with child classes of links, power modules, joints, and end-effectors. There is
a module sub-group class that has a collection of one type of module. Then a
group class is a collection of sub-groups, and is analogous to a kit. The sub-
assembly prototype class takes a kit and adds connection information. It has
child classes of body and limb. Finally, the assembly class connects
subassemblies together.
At each level, details of lower levels are hidden. A particular detail can be
specified by going through the chain of levels. Asking for the weight of a
robot, the assembly class asks each of its legs what they weigh. Each leg asks
the group of parts that makes up the leg what it weighs. The group then asks
each module what they weigh. In this manner, code for each class is kept
simple.
Describe Modules
The parts inventory is first read in from a file that describes each module in
full detail. The constraints and weighting factors for the task are also read in.
The 12 modules available for the Constitution task yield 67,863,355
combinations when taken in kits of up to 17 modules (see the expression on
page 14.) This number will be reduced by rules and filters throughout the
search.
Module Filters
The modules are first filtered based on their individual size compared to the
narrowest path requirement in the task description. In this case, the
pneumatic power supply (ID# 130, 16x9x9 cm) is bigger than the narrowest
path (given by the maximum size allowed (8.8x13.75x8.8 cm), so it is removed
from the parts inventory. The pneumatic gripper (ID# 430) cannot operate in
the task-required environment "Wet", and so is discarded. Each module
weighs less than the maximum total weight, and each costs less than the
maximum total cost. All of the modules are on an appropriate scale,
determined by the range of dimensions given in the task within an order of
magnitude.
Removing ID# 130 reduces the number of kit combinations to 30,421,300, and
removing ID# 430 reduces them to 13,037,531.
Module Class Filters
After individual modules have been removed from consideration based on
individual features, they are filtered functionally according to their module
class. First, the power types of all modules are checked against power type
availability from the power module class. In this case, since the only
pneumatic power supply had been removed by the module filters above,
modules requiring pneumatic power have no available power source, and so
are discarded. The two pneumatic joints (ID# 330, 334) are removed from the
available inventory in this manner. This reduces the number of possible
combinations to 2,042,755 kits.
Second, the end-effector class is checked against the task's required list of end
effectors. Any end-effectors that are not needed are discarded. In this case,
end-effectors required by the task are grippers and feet, so both of the
remaining end-effectors remain. Note that at this point, the number of task-
required end-effectors is not important, because parts have not yet been
selected for robot kits. Any end-effector that has a classification of 'foot' or
'gripper' is allowed to remain. A single end-effector can have more than one
classification; for instance the remaining gripper (ID# 410) has both
classifications according to the module description file, see Table 5.
Third, end-effectors are checked for specific requirements given in the task
description - in this case the gripper must be able to lift objects weighing at
least 0.25 lb. The remaining gripper (ID# 410) is capable of this, and so is not
eliminated.
Choose the Next Kit
The first kit set up is the smallest that satisfies the kit rules below.
Subsequent kits are insured to be unique and span the entire design space
using the following hierarchical algorithm (each step is repeated until it
cannot be, then the next step is executed):
1. Each module in each module class is swapped one for one into the kit,
replacing another from that class, in ascending ID number order. There
can be multiple instances of each module ID. For example, a kit with joint
ID#s 310,310,310 would go to 310,310,314, to 310,310,318, to 310,314,314, to
310, 314, 318, to 310,318,318, to 314,314,314, etc. Note that order does not
matter.
2. Module class types are changed from links to joints to end-effectors to
power modules. A kit with module types power, link, joint, joint, end-
effector goes to power, joint, joint, joint, end-effector, then step 1 is
repeated, then goes to power, joint, joint, end-effector, end-effector, etc.
3. The kit is made larger by adding a link with the lowest ID number. A kit
with module types power, power, power goes to power, power, power,
link, then step 1 is repeated.
In practice, this algorithm has some of the kit rules, below, embedded in it so
that kits that do not obey these rules are never generated in the first place.
For instance, a power, power, power kit would be useless and is not actually
generated.
The smallest kit is chosen first because cost generally increases with the
number of modules in the assembly. Searches that are time-limited will
therefore generally yield cheaper solutions.
Kit Rules
Each kit must have at least one power module to provide power, at least two
end-effectors (on each side) to be able to stand up, and at least as many joints
as end-effectors in order to move all its limbs. Each kit must contain power
modules that can supply power for every type of module in the kit. There
must be enough ports on the power modules to accommodate the number of
limbs that there will be, which is the same as the number of end-effectors in
the kit (because limbs are serial-link chains ending in an end-effector.)
Finally, a provision for required groupings of modules has been included -
each module can have a list of other modules that it needs to work with, and
a list of modules that it should never work with.
In the Constitution robot design, there were 99,887 kits that passed all these
kit rules.
Kit Filters
Kits are filtered on the following task requirements: total weight, total cost,
total predicted reliability, operating time, end-effector requirements, step
height, and span.
n n
Mass and cost are simple sums over the kit: m i <M, Xc, <C, where n is the
i i
number of modules in the kit, m and c are the mass and cost of the
individual modules, and M and C are the task-imposed limits.
Reliability is the product over the kit of the reliability for each module
lr, >R, where in a physically realized modular inventory, testing would
determine module reliability r. For this Constitution task, reliability was
roughly estimated by the complexity of the module (see Appendix for
reliability values used.) Note that no minimum reliability R was specified in
the task description, so R is effectively 0.
Operating time is the sum of the energy available from the power modules
P
I E,
divided by the average power usage of all the modules: ---- >OTmin, where
p is the number of power modules, E is the energy available from each power
module, and P is the average power usage of each module (energy divided by
energy rate has units of time.) Again, no operating time is specified in the
task.
The required numbers and types of end-effectors given by the task list must be
met, so each kit must have 2 feet and 1 gripper or it will be skipped.
The span of the robot kit is an instance of a predictive filter: the actual span of
the robot cannot be known until the robot is assembled, yet the robot is only
in kit form at this point in the search. Even so, an estimate of the span can be
made in the following manner. All of the non-power modules effective
lengths are added together and divided by the number of limbs to get an
average limb length. Two average limb lengths are added to the body length,
which is taken to be the power modules connected in line, to get the predicted
span: span = 2 x average limb length + body length. Unfortunately, this is not
strictly a sufficiency test, because actual span may be less than or greater than
this prediction. It turns that that in this case, because the required span is so
small, all of the robots meet this requirement anyhow, see Effectiveness of
Tests on Search Size. The step height is similarly predicted as twice the
average limb length.
For the given task, the kit filters reduced the number of kits to be assembled
down to 6,689.
Kit Evaluation
The kit evaluation objective function is the weighted sum of a series of
factors: Kit_Eval = • wi • (si), where si is the numerical score from evaluation
test i,fi is a scaling function for test i, and w, is the evaluation weight for the
test. The evaluation weight can be either positive or negative. The scaling
functions used are either linear or asymptotic, depending on the nature of the
s;
test, as discussed below. The two functions are f(s) =
l+s
definition provides an asymptotic limit (for positive s) of 1 with
returns, see Figure 21. This is useful in cases such as operating
although more is generally better, after some point it becomes
important.
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Figure 21. Asymptotic function
There are 7 kit evaluation factors used:
Kit_Eval = 5x Agility + 1x asymptotic Average_Limb_Length + 10x
asymptotic Span + 10x Reliability + 10x asymptotic Operation_Time - 15x
Mass - 10x Cost
Total weight and cost are linear with negative weights. Total reliability is
linear and positively weighted.
Agility is taken to be the fraction of joints in the kit: ', where j is the number
n
of joints and n is the number of modules. This encourages joint redundancy,
because redundant robots are more robust to actuator failures and also can
operate in more constrained spaces.
Average limb length and predicted span, as discussed above, are asymptotic
and positively weighted, penalizing (relatively) robots that have extremely
short legs or spans.
Operating time is also asymptotic and positively weighted, by reasoning that
in general longer times are desirable, but with diminishing returns. This
avoids 'fat' robots with many power modules when they are not specifically
required by the task. (Operating time is a more practical evaluation than
robot total energy efficiency because even a high-efficiency robot with a small
battery may not last long enough to accomplish its task.)
Speed, although it is not yet included in the equation above, should be
positive and asymptotic, and is measured as the average joint rotational speed
times the average limb length.
If the kit evaluation meets a predefined minimum threshold, the kit is
considered worthy of further exploration. A higher threshold results in
reduced numbers of assemblies to be tried and therefore in faster search times,
but at the expense of possibly missing some low-ranked 'sleepers', which
might perform very well in the final assembly evaluation. In this case a very
low threshold of 1.0 was chosen in order to further examine widely ranging
possibilities.
Choose the Next Assembly
A kit can be assembled into many subassemblies, and these subassemblies can
be arranged in many different ways. The following hierarchical algorithm
insures that all possible assemblies of a given kit are examined. Again, this
algorithm is simplified, because in practice some the subassembly rules,
below, are embedded in it. Each step is repeated until its stopping point, then
the next step in the sequence is executed:
1. Limb subassemblies are arranged about the body using all possible ports.
For 4 ports and 3 limbs, limb 1 is first at port 1, limb 2 at port 2, limb 3 at
port 3. For the next assembly, limb 1 is at port 1, limb 2 at port 2, limb 3 at
port 4, etc. All permutations are covered.
2. New limb subassemblies are made. Step 1 is repeated. Limb subassemblies
are made via three processes.
a. A single subassembly is rearranged. A limb subassembly of joint 1, joint
2, link 1, end-effector goes to joint 1, link 1, joint 2, end-effector. 'The end-
effector is always required to stay at the end of the limb. If all
permutations of the limb have been tried, the next limb is rearranged.
b. If no more limbs can be rearranged individually, modules are swapped
to different subassemblies. Limb 1 and limb 2 exchange parts. All
permutations are covered.
c. Limbs with different numbers of modules are tried. Instead of
swapping, one limb donates a module to another limb, skewing the limb
sizes which originally started off as equal as possible.
3. A new body subassembly is made. Step 1 is repeated. New bodies are
made via two processes.
a. First the body is rearranged, as in 2.a.
b. Modules are taken from the limb subassemblies and added to the body.
A body with power 1, power 2, and a limb with joint 1, joint 2, link 1, end-
effector are changed to a body of power 1, link 1, power 2, and a limb of
joint 1, joint 2, end-effector. Only joints and links can be moved from a
limb to the body. This process stops when only minimal limbs are left.
Minimal limbs are a single joint plus an end-effector.
Subassembly Rules
The body subassembly may consist of power modules and links only. Limb
subassemblies may consist of links and joints, and are required to have exactly
one end-effector. Each limb subassembly is required to be able to lift itself (off
the ground). This is tested in the following manner, as shown in Figure 22:
each joint in the limb must be able to rotate through a set angle (30 degrees)
and lift all modules attached below it, assuming all other joints are relaxed.
This insures that each joint in the limb is not useless.
Figure 22. Each joint must lift the rest of the limb
A joint can lift the rest of the limb through the given angle if the joint's
k
applicable torque > 1 gsin 0 * mi, where I is the effective length of the joint,
i=J
g is gravity, j and k are the indices of the next and the last module in the limb,
and m is the mass of the modules.
Also, all the limbs together must be capable of lifting the entire weight of the
robot. This is determined by finding the greatest single-joint lifting force of
each limb, with all other joints locked, and adding each of these limb forces
together.
Grubler's mobility criterion must be met, insuring that every end-effector is
capable of at least one controllable environmental force interaction [82].
n=3x(m-1)-2x f, where n is the number of degrees of freedom of the system, m
is the number of rigid modules, and f is the number of joints.
Assembly Rules
Limbs may be rearranged only in statically stable conditions, as determined by
straight-leg foot placement and center of mass. The center of mass must
reside within the polygon formed by the foot locations. Also, geometric
interferences between moving modules must be checked, but this is not yet
implemented.
From the 6,689 kits remaining, 68,113 valid assemblies were constructed
according to these subassembly and assembly rules.
Assembly Filters
Assemblies are filtered on task-based constraints.
First, the limbs with grippers are checked to insure they can provide enough
lifting force to lift the required loose obstacles. The torque of the strongest
joint in the limb is compared with the moment arm of the remaining limb
modules and the required gripper weight for this test.
Second, assemblies are checked to see if they can be manipulated to fit within
the maximum size constraints of the task. This has not yet been
implemented.
These filters eliminated most (83%) of the assemblies from consideration,
leaving only 11,840 assemblies to be evaluated.
Assembly Evaluation
The assembly evaluation is again a weighted sum of linear or asymptotic
functions of component tests. Many of the component tests were previously
used as filters, but now numerical results instead of pass/fail results are used
for a measure of the quality of the result.
Assembly_Eval = Kit_Eval + 4x asymptotic DOF + 6x asymptotic
Arm_Strength + 20x asymptotic Leg_Strength - 7x asymptotic LegDeviation
The assembly score builds on the kit score calculated earlier, because the kit
features are applicable to its assemblies.
The number of degrees of freedom is considered a positive asymptotic factor.
Arms are limbs that end in a gripper, and arm strength is taken to be the
lifting ability of the arm divided by the required gripper payload:
max k
Arm_Strength = , where r is the torque of joint j, I is the effective
P
length of each module from the joint j to the end of the arm k, and P is the
task-required gripper payload. The numerator of this term represents the
largest lifting force available at the end of the arm due to a single joint.
A leg is a limb that does not end in a gripper. Leg strength is the sum of the
lifting abilities of each leg divided by total robot mass:
max T
Leg_Strength = , with the lifting ability as above. This rewards
Im,
i=1
lean and "well-muscled" assemblies.
The deviation of the limb lengths is negatively weighted, discouraging widely
varying limb lengths on a single assembly, which leads to uneven utilization.
Leg_Deviation = -(lavg , with I as the length of each leg i.
Robot speed, bandwidth, and accuracy tests should also be included but have
not yet been implemented. A full dynamic simulation could also be added at
this point in order to provide the most accurate evaluations.
Rank Assemblies
Based on the assembly evaluation described above, the best assembly for each
kit is reported. The best few assemblies of all kits are remembered and
reported at the end of the search.
Chapter 7: Results
Solution of the Constitution Task
Figure 23 shows the final output of the modular design algorithm for the
Constitution inspection task. The best 10 solutions are shown with the
highest scoring robot in the lower left corner. The assembly evaluation score
is shown above each robot.
The total time taken for the search (kits of up to 17 modules) was 261.14
seconds on a Sun 4 workstation.
The top assemblies found had assembly evaluation functions from 40.7934 to
41.7653. The range of the top scoring robots is small because of the large
number of evaluated robots. These ten represent the best of 11,840 assemblies,
or the top 0.08%.
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Figure 23. Design solutions for the task and inventory
These robots can all fit through the narrowest opening, the entranceway to
the inspection area, see Figure 23. Also, the legs are long enough to reach
from the top of the large step to the bottom of the inspection area. This
results in somewhat "gangly" robots, with long arms and small bodies.
These robots all have a somewhat atrophied third leg near the center; this
results from the given task requirement of two feet and one gripper. The
center leg does not help the robot's span, and so it can remain short. Two feet
were specified in the task under the assumption that the robot body should
remain off the ground during object manipulations with the gripper, but the
evaluation tests did not explicitly check for static stability without the gripper
arm. Clearly, this needs to be done for a more useful robot.
Effects of Changing the Evaluation Function on Quality of
Solutions
Changing the assembly evaluation function directly changes which
assemblies are considered best for the task. In this manner, the
appropriateness of the original evaluation function can be established.
scare 41.94
score: 42.09
care: 42.61r
scoae: 41.92
score: 41.94
scare: 42.13
p
Figure 24. A different evaluation function
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In Figure 24, the penalty for widely varying limb lengths was removed
(Leg_Deviation), along with a rule forbidding links to be directly joined to
bodies. This results in more "lopsided" robots. Robots with unequal length
limbs and with directly attached links are not as dexterous as those in the
original solution (Figure 23.) In Figure 25, the cost, mass, and operating time
of the robot were all made less important (w,= 5, w, = 10, wop_m = 0.)
Note that the robots still must meet all the constraints imposed by the task.
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Figure 25. Another evaluation function
The resulting robot assemblies now have bigger, more expensive, and less
efficient joints. These robots also have stronger limbs and can apply more
torque than the original solutions. This demonstrates the physical results of
changing objective function weights. These robots are not necessarily better
or worse than those in Figure 23, but they do have different task performance
characteristics. Performance tradeoffs such as the relative merits of strength
versus operating time are dependent on the particular task at hand.
Therefore, it makes sense to include the relative numerical weightings for
factors like cost, operating time, and reliability as part of the task description.
n L;
Lowering the weights of cost and operating time allows latent characteristics
like strength to increasingly manifest themselves in the solutions. For the
Constitution task in particular, strength is not as important as operating time,
and so weights were chosen accordingly, with the results shown in Figure 23.
Validity of Solutions
Because the algorithm naturally ranks robot assemblies, the effectiveness of
the modular search technique can be demonstrated by examining which
assemblies are ranked highly and which assemblies are ranked poorly for the
given task.
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Figure 26. A higher ranked robot and a lower ranked robot
In Figure 26, two robots ranked by the automatic design method are shown.
The robot on the right weighs twice as much as the robot on the left because
of all its power modules. It also has a greater operating time (more power
modules and fewer actuated modules.) The robot on the right also costs less
($381 as compared to $497.) The robot on the left scores better in terms of
climbing ability, ability to maneuver through small openings, dexterity, and
walking ability. It also meets the operating time and cost constraints.
Overall, the robot on the left has a higher evaluation score (41.77) than the
robot on the right (37.84), even though both robots are still in the upper 2% of
I j
all assemblies. The robot on the left makes more physical sense for the
Constitution task, which requires good climbing ability and the ability to
maneuver through small spaces, and not an especially long operating time.
Therefore, in this case the evaluation function has achieved its goal of
ranking robots relatively according to task performance - the robot that is
better for the task has a higher evaluation score then the robot that is not as
good.
Growth of Search Space
An important result of this research is that the search space is physically
limited. Although the number of possible combinations of modules grows
exponentially with the number of modules in the kit, the number of filtered
kits remains finite.
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Figure 27. Combinatorial growth of search size with number of modules
In Figure 27, the first data series represents the number of possible kits
logarithmically plotted against the number of modules in the robot. This
factorial function (page 14) grows without bounds. The next series, kits-rules,
is a constant fraction of the possible kits, limited by the task-independent kit
selection rules, see Figure 9. The kits that pass the kit filters and meet the kit
assembly threshold are shown as kits-eval. Note that this number starts to
decrease after the number of modules in the kit exceeds some limit, in this
case about 20 modules. The reason for this decrease is that task-based and
structural limits are being approached, in areas such as total weight and total
cost. The number of good kits returns to 0 again at 32 modules, at which
point any possible combination of 32 modules costs more than the total cost
limit as defined in the task. The number of assemblies made from the kits are
likewise limited - as the number of kits decreases, the total number of
assemblies also decreases. The valid assemblies, those that pass the assembly
filters, are further limited by structural constraints, and their numbers
decrease even more rapidly than the valid kits. Less than 100 valid
assemblies are possible from kits made of 28 modules.
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Figure 28. Search time versus number of kit size
Although the number of all possible kits grows without bounds, only those
few thousand assemblies that pass the assembly filters are fully evaluated,
resulting in a reasonable execution time for the fully explored search, see
Figure 28.
Effectiveness of Tests on Search Size
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Figure 29. Computations for tests
Computationally cheap tests that are able to distinguish between good and bad
structures early on in the search process save the computation of later tests.
Figure 29 shows the number of computations required for a single instance of
some tests. The tests on the left of the figure occur earlier in the search
structure than the tests on the right. The computational cost (given here as
an estimated number of instructions) is seen to generally increase as the robot
becomes built up into more complex structures, see Figure 13.
Kit evaluation and assembly evaluation are included in this figure to show
their high computational cost. Filters are implemented in order to avoid
precisely these costs: early, simple computations avoid later, more intensive
computations.
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Figure 30. Filter efficiency
The culling efficiency of a filter, Figure 30, is the frequency with which it
eliminates a structure from further consideration in the search process.
Simple tests that are efficient at culling, applied early in the hierarchy, save
many calculations per robot over many robots. As can be seen on the figure,
several of the simple tests implemented do have good culling efficiencies for
this task. Note that the efficiency of a filter may vary depending or the order
in which filters are arranged.
Figure 31 shows the effects of some tests on the total calculations required by
the search process. The number of instructions executed during the search is
the product of the instructions per test and the number of times that test was
executed. The tests are listed in the order they occur during the search, from
left to right. Because the first tests eliminate some candidate robots, they are
executed more frequently than later tests. The number of total executed
instructions therefore falls during the search, until the increasing cost of each
test (see Figure 29) drives it back up again.
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Figure 31. Filter effects on search computations
The number of instructions "avoided" by a particular test are those
instructions that would have been executed during the search if that test had
not been implemented. Earlier, more efficient tests avoid more instructions.
If the number avoided is greater than the number executed, then the test is
computationally worthwhile. (The test may still be required, even if it is not
computationally worthwhile, to produce useful robots.) Most of the tests
implemented are computationally worthwhile. The power test happened not
to filter any kits because the module filters had already eliminated the
possibility of incorrect power sources in this particular instance. The span
constraint for this task just happened never to be violated. The kit and
assembly evaluations are not filters and therefore do not avoid any
instructions themselves.
If the final assembly evaluation becomes more computationally intensive,
the number of instructions avoided by the tests increase. The computational
0 executed
a avoided
efficiency of the entire hierarchical search process increases accordingly. A
very expensive final assembly evaluation such as a full dynamic simulation
makes even expensive filters computationally worthwhile.
Chapter 8: Comparison with Traditional Design
Methods
Traditional Design of Constitution Robot
It is helpful to compare the modular design methodology with traditional
design methods to help illustrate its advantages. Approaching the same
Constitution task from a traditional standpoint, the following is a
representative design process.
The task is first broken down into a series of requirements and constraints:
size limits, self-containment, mobile walking robotic solutions, ability to
climb over diagonal riders, and the other constraints listed in the task
description above. In a general sense these are used to determine the realm of
the design solution. The small dimensions, self-containment requirements,
and lack of high loads coupled with some experience suggest an electric
powered robot, as opposed to a hydraulic one. Critical design issues appear to
be the ability to walk and to climb over obstacles. Keeping these in mind,
typically many alternative designs are quickly proposed.
Figure 32. Alternative rough design sketches
A roughly dimensioned, general first cut of the most promising design is
taken to be the baseline. This first-cut design would not include many of the
design details, such as the kind of feet to be used for gripping damp wood. No
quantitative data are yet known about the exact dimensions or the availability
of any of the components.
ful
Figure 33. Most promising design is roughly dimensioned
The design is then modified to meet more general task requirements:
walking, turning, sensing. Joints and legs are designed in more detail to be
kinematically correct and geometrically interference-free. The ability to turn
is added, and sensors and communication equipment are located on the body.
Dimensions are defined or refined.
Figure 34. Refined overall robot design is sketched
Next, detailed mechanisms are fleshed out. Exact gearing and drive
mechanisms are now included in the leg design, and the feet are designed in
detail to be able to cope with a wet, wooden environment. Availability of
subassemblies begins to become significant. Some part shapes may be
qualitatively optimized for stress, and some rough analyses are performed.
At this point the practicality of the design can more or less be determined,
although many of the details and the availability of motors, batteries, and
transmissions may remain unknown.
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Figure 35. Detailed design sketches
At this point the design might be put aside for the moment in order to pursue
some of the alternative designs suggested initially, or completely new
concepts perhaps based on ideas that occurred during the earlier stages of the
design. Because of the experience gained detailing the first design, the
important design factors have been identified. Designs that appear to address
these factors well are put through the detailing steps above. Those that
cannot be achieved structurally and those that fail to meet a significant
portion of the task requirements are abandoned.
The most promising of the remaining designs is then analyzed for sizing and
torque requirements. Rough weight estimates and dimensions allow gross
calculations of the torques for the climbing subtask. These torques in turn
yield motor specifications, which are then checked against motor and gearing
catalogues for availability. The available motor and gearhead lead to direct
calculations of the walking speed and power requirements of the robot. The
power requirements determine the battery weight, which is checked against
the original weight estimates. If they do not agree, the weight estimates are
revised and the motor is resized in an iterative fashion. When the estimate
is accurate enough, the speed of the robot is calculated, and this information
in turn is compared to the original task requirements (speed and weight
requirements.)
The last few steps may have to be iterated to produce an acceptable design. If
no acceptable design is forthcoming, iteration is pushed farther and farther
back down the design path until an acceptable variation is produced or the
design is scrapped entirely in favor of a more promising concept.
Comparison with Modular Design
Many parts of the traditional design method have analogs in the modular
design method. The task is similarly decomposed into constraints and
requirements. The module dimensional filters eliminate the larger hydraulic
modules automatically in this case, with the same resulting realm of electric
power. Like the traditional design methodology, the modular method uses
increasingly accurate analysis through the analysis of a single robot, in order
to minimize computational effort. The practicality of a particular design is
determined finally by a complete suite of analyses on a fully specified design.
The major difference is that the human in the traditional design process
already has an idea in mind for a robot that might work based on his
experience, while the modular system has no such foreknowledge. It is
characteristic of traditional design methods that evolutionary changes are
made in small steps to the baseline design whenever possible. Major changes
are avoided traditionally because of the time and effort involved in
reanalyzing a new design. Minor revisions and refinements are acceptable so
that previous analysis will be mostly still applicable. The design processes are
illustrated conceptually in Figure 36 (upper figure from [83].) In the upper,
traditional design method, task information is compiled and synthesized
with designer experience. Analysis of the design then iteratively is fed back as
information to be included in the next synthesis. Eventually this produces an
acceptable design.
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Figure 36. Design process comparison
In the lower portion of the figure, the modular design method is illustrated.
All possible designs are filtered through the task requirements. Remaining
designs are further analyzed and evaluated, producing a single optimal
design. This method is linear and parallel, as compared to the iterative
traditional process.
The differences between the traditional and the modular design methods are
illustrated graphically in Figure 37 (this figure is for illustration purposes only
and does not contain quantitative information.) The traditional design
method is shown to produce successively improving results over a relatively
long time, while the modular design method instead rapidly tests many
unrelated solutions.
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Figure 37. Modular versus traditional design methods
Executing the traditional design process, it becomes clear that the first few
steps - the rough conceptual designs - are very rapidly and widely explored.
But the later steps, such as detailed parts dimensioning, drawing, analysis,
and component lookup, are extremely slow and burdensome to do in the
traditional manner.
Comparatively, the modular design method can analyze fully designed robots
very quickly (under 2 milliseconds). This is possible because the modules
already have the full level of detail built in, and part availability has already
been assured. Each component is known in detail in advance, and combining
them is relatively straightforward.
However, the algorithm cannot recognize the potential of a robot that is
"close" to being acceptable, and it does not know how to evolve that robot
into one that is acceptable. For these two reasons, a genetic algorithm based
search, as mentioned above, might be a good candidate for improved search
performance.
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Chapter 9: Conclusions
A framework has been established to permit the automatic generation and
testing of modular robotic solutions for field environments based on specific
task information, utilizing a hierarchical search technique.
Simple tests are able to discriminate between viable and infeasible solutions.
Thus, the hierarchical search method is very efficient at trimming the design
space down to a very manageable size. There is a fundamental tradeoff,
however, between the variety and the quantity of solutions. The more tests
that are included in the hierarchy, the smaller the solution space becomes,
limiting both variety and quantity. In a broader sense, the dilemma is that
many rules limit the designs to one possible set of solutions, while in fact
other, unanticipated solutions may exist.
This hierarchical algorithm has been based on an exhaustive enumeration of
all possible assemblies, which was then quickly pruned to a reasonable size.
Other search schemes might be used instead of exhaustive enumeration,
while still using the hierarchical rules, filters, and evaluations developed
here. Specifically, branch and bound or genetic algorithms might be
combined with this rule-based pruning technique for a faster, or alternately a
broader, search. It is felt that without the rule-based pruning technique,
results achieved by these other search methods alone will be very slowly
forthcoming.
Direction of future work
With significant refinement and expansion of the rules, filters, and
evaluations, the robots solutions' abilities and applicabilities to the task will
continue to improve. Aside from the many still-needed refinements to the
algorithm and better and more thorough tests, there are two specific areas
that still need to be explored.
Expanding task and solution domains
This work, although developed with a particular task in mind, was
purposefully kept as broad as possible so as to cover a wide range of robot
applications. Expanded task and solution domains should eventually be
included for a more general robot designer. Additional modules can be
included easily as part of a datafile. Rules, filters, and evaluations can also be
included at the cost of (generally) a few lines of code. Furthermore, additional
characteristics of the modules or the task can be incorporated easily by
modifying the appropriate class. Walking, multi-limbed robots might be
augmented with snake-like, swimming, or climbing abilities.
Adding planning and control
The issue of motion planning and control has been avoided by using a fixed
set of predefined actions for all tasks. Although additional actions can be
included explicitly to increase the solution domain, an automatic approach
would be more useful. Synthesis of automatic design, planning and control
will allow the feedback of control and planning issues into the structural
design, producing more diverse and effective robots.
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Appendix: modular design program
Usage
Most of the functions described in this thesis are implemented in the
following C++ code. Some remain yet to be implemented. The code is
organized into many interacting files with related procedures.
search_main.C is the main program. It filters the modules, sets up the initial
test kit, performs the search, and prints out the results. It uses routines in
three other files to perform the search. choose_in.C is used to decide which
kit to form next in the search. kit.C contains the kit filters and evaluations.
assemble.C assembles the kit into all the possible assemblies, filters and
evaluates them, and returns the best one.
mod_desc.C describes the modules to be used in the search. Modules are
defined by the file mod.dat, in the following form.
This file read by moddesc.C, modules are defined in modclass.h, modclass.C
All units are MKS.
Id Cost ModT EngyT OKEnvs szX szY szZ Wt Reli EngyUse
(power) EnCap #Port PortList
(link) SprtTrq ArmLen
(joint) AplyTrq Speed AngMin
AngMax
(endef) EeFn
110 30.00 P E WD 0.12 0.04 0.04 0.36 0.96 0.002 13.4 5 0.010.01 0.112 0.01 0.057 0.01
0.058 0.03 0.112 0.03
112 17.00 P E WD 0.08 0.03 0.03 0.14 0.96 0.001 5.0 3 0.010.01 0.072 0.01 0.052 0.021
210 10.00 L Z WRVDT 0.01 0.055 0.012 0.01 0.99 0.0 361.0 0.043
310 175.0 J E WVDT 0.035 0.15 0.065 0.7 0.93 1.02 10.0 0.125 5.0 0.91 -1.57 1.57
314 80.00 J E WVDT 0.015 0.064 0.057 0.08 0.93 0.09 1.2 0.05 0.3 0.80 -1.57 1.57
318 60.00 J E WVDT 0.01 0.042 0.04 0.02 0.92 0.05 0.9 0.03 0.1 0.91 -1.57 1.57
410 40.00 E E WRD 0.01 0.055 0.055 0.03 0.89 0.06 6.45 0.043 3.0 0.1 G
430 150.0 E H RDT 0.03 0.10 0.10 0.5 0.88 5.0 30.0 0.09 30.0 0.5 HG
470 5.00 E Z WRVDT 0.01 0.02 0.015 0.005 0.99 0.0 126.0 0.014 0.0 0.0 H
The first column is a unique module identification number. Second is its cost
in dollars. The third column determines which module classification it is:
(P)ower, (L)ink, (J)oint, or (E)nd-effector. Fourth is the type of energy the
module uses or supplies: (E)lectric, (H)ydraulic, (P)neumatic, or (Z) for none.
The OKEnvs column is a list of environments that the module can work in:
(W)et, (D)ark, (R)adioactive, etc. Next are dimensions, X is horizontal, Y is
vertical, and Z is into the plane of the drawings in this thesis. Next is weight,
then reliability, then energy usage rate (required power.) The following
numbers are dependent on the module class. Power modules have an
available energy capacity and a list of X,Y port positions. Links have a
maximum torque they can withstand, and an active arm length (not
including overlapping fastening areas.) Joints have a minimum backdriving
torque, active arm length, maximum active torque they can apply, average
loaded rotational speed, and minimum and maximum angle they operate
through. End effectors have minimum backdriving force, active arm length,
maximum active force they can apply, average loaded linear speed, and the
type of end-effector it is.
The task as of now is simply hard-coded into the routine mod_desc.C also.
The files modclass.C, groupclass.C, and assyclass.C contain the C++ class
constructs used in the search: modules (modclass.C), kits (groupclass.C), and
subassemblies and assemblies (assyclass.C).
The remaining files are support programs. mymath.h includes some useful
math routines, stats.C keeps track of statistics on the search, and graphics.C
and service.c provide the XWindows graphics routines.
The makefile is set up for the Cygnus g++ compiler.
Output
In addition to the graphical output of the best robot assemblies, the program
provides statistical data on the number of kits and assemblies produced
during the search as well as statistics on the effectiveness of filters and
evaluations and the amount of time taken. The program also periodically
reports a description of which robot it happens to be analyzing along with its
evaluation components numerical results.
Code
The programs are listed in a more or less hierarchical order, with the highest
levels first.
search_main.h 88
search_main.C 89
assemble.h 92
assemble.C 93
kit.h 100
kit.C 101
choose.h 105
choose_in.C 106
mod_desc.h 108
mod_desc.C 109
assyclass.h 111
assyclass.C 113
groupclass.h 117
groupclass.C 119
modclass.h 124
modclass.C 126
mymath.h 130
stats.h 131
stats.C 132
graphics.h 134
graphics.c 135
service.h 138
service.c 139
makefile 142
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